The coherence of a hyperfine-state superposition of a trapped 9 Be ion in the presence of off-resonant light is studied experimentally. It is shown that Rayleigh elastic scattering of photons that does not change state populations also does not affect coherence. We observe coherence times that exceed the average scattering time of 19 photons which is determined from measured Stark shifts. This result implies that, with sufficient control over its parameters, laser light can be used to manipulate hyperfine-state superpositions with very little decoherence. DOI: 10.1103/PhysRevLett.95.030403 PACS numbers: 03.65.Yz, 03.65.Ta, 32.80.2t, 42.50.Ct Superpositions of hyperfine states of atoms have been the subject of considerable experimental interest. A good example is the role they have played in the development of atomic clocks over the last five decades [1] . More recently, hyperfine coherences of quantum-degenerate gases have been used to reveal their intrinsic properties [2, 3] . Atomic hyperfine-state superpositions are also being investigated as possible information carriers for quantum information processing [4] .
Superpositions of hyperfine states of atoms have been the subject of considerable experimental interest. A good example is the role they have played in the development of atomic clocks over the last five decades [1] . More recently, hyperfine coherences of quantum-degenerate gases have been used to reveal their intrinsic properties [2, 3] . Atomic hyperfine-state superpositions are also being investigated as possible information carriers for quantum information processing [4] .
In many such experiments, laser light is used to coherently manipulate the hyperfine superpositions with stimulated Raman transitions. In addition, laser light can be used to trap atoms as in the case of optical-dipole traps. Since light perturbs the energies of hyperfine levels, imperfect control of laser-beam parameters can lead to dephasing of the superpositions and loss of coherence [5] [6] [7] .
Previous experiments with neutral atoms in dipole traps investigated the coherence of hyperfine superpositions in the presence of light [6, 7] . In these experiments the dominant source of dephasing was noise in experimental parameters such as fluctuations in the laser intensity or the ambient magnetic field.
A more fundamental source of decoherence arises from spontaneous scattering of photons [8] . Spontaneous scattering is typically suppressed by detuning the laser frequency from allowed optical transitions, but it cannot be eliminated completely. Generally, if a spontaneously scattered photon carries information about which hyperfine state scattered the light, the event effectively measures the atomic state and the superposition collapses. In contrast, if the scattered photon does not contain this information then coherence is preserved. In this Letter, we verify this effect by means of an experimental study of the hyperfine decoherence of a trapped 9 Be ion caused by spontaneous scattering of photons from a nonresonant laser beam. Our results show that coherence can be preserved in the presence of spontaneous photon scattering.
Zeeman ground-state coherence was previously studied in the presence of resonant spontaneous photon scattering [9] . Coherence was shown to be preserved when the Zeeman splitting between the two ground states is small with respect to the excited-state natural width.
Off-resonant spontaneous scattering is a two-photon process in which the atom scatters a laser photon into an electromagnetic vacuum mode. Following such a scattering event the atom can be found in the same or a different internal state, corresponding to elastic Rayleigh or inelastic Raman scattering, respectively. The polarization and frequency of a Raman scattered photon depend on the angular momentum and energy imparted to the atom and are therefore entangled with the atomic internal state, as demonstrated in [10] . A single Raman scattering event will therefore completely decohere a hyperfine superposition [11] . In Rayleigh elastic scattering the atom's internal states are not entangled with the scattered photon [12, 13] . Therefore, an atom initially prepared in a hyperfine-state superposition will remain in this superposition after the photon was scattered.
The scattering amplitude can be calculated by evaluating the electric-dipole coupling between the initial ground state and the relevant excited state, and between the excited state and final ground state. When there are several excited states, the scattering amplitude is given by a coherent sum over all amplitudes of scattering through the different excited states.
The relevant energy levels in 9 Be are illustrated in Fig. 1 . Light is detuned from the 2s 2 S 1=2 ! 2p 2 P 1=2;3=2 transitions near 313 nm. The 2p 2 P J manifold has a fine structure that consists of the J 1=2 and J 3=2 levels, separated by f =2 197:2 GHz. The ion is illuminated with a laser beam of intensity I. The laser beam polarization, k , is characterized with respect to the magnetic field, which sets the quantization axis for the ion, where k 0, or ÿ correspond to parallel to the magnetic field () or right or left circular polarization, respectively. The rate of photon scattering events in which an ion initially in state jii ends up in state jfi is given by the Kramers-Heisenberg formula [14, 15] ,
Here, g E=2@, E 2I=c 0 p is the laser-beam electric field amplitude, c is the speed of light, 0 is the vacuum dielectric constant, and jh2P 3=2 ; F 3; m F 3jd j2S 1=2 ; F 2; m F 2ij, where d is the electricdipole operator. The effective amplitude a
is the sum over amplitudes of scattering through all levels, jei, in the 2 P J manifold, is the laser detuning from the 2 S 1=2 ! 2 P 1=2 transition, and =2 19:4 MHz is the radiative linewidth of the excited states in the 2 P manifold [16] . The Raman scattering rate, ÿ Raman , is given by summing over all the rates given by Eq. (1) where i Þ f. The Rayleigh scattering rate, ÿ Rayleigh , is that when i f, and ÿ total ÿ Raman ÿ Rayleigh . The matrix elements a 1=2 i!f and a
3=2
i!f are identical in magnitude and opposite in sign for Raman scattering, whereas they are equal in sign for Rayleigh scattering. Therefore, when jj f the two amplitudes in Eq. (1) destructively interfere to suppress Raman relative to Rayleigh scattering. In this limit the total scattering rate decreases as 1= 2 , whereas Raman scattering alone scales as 1= 4 . This suppression of populationchanging Raman spontaneous scattering has been observed previously by Cline et al. [15] .
In our experiment, a single trapped 9 Be ion in a superposition of two hyperfine states is illuminated by offresonant laser light. The coherence and population relaxation rates are measured. The population relaxation rate provides the Raman photon scattering rate, which is then compared to the decoherence rate for different laser detunings.
We encode the superposition into the jF 1; m F 1i j "i and jF 2; m F 0i j #i ground states. At a magnetic field of 0.01194 T, the two levels are separated by hf =2 1:207 GHz. At this field the energy difference between these two states does not depend to first order on changes in the magnetic field, and hence decoherence due to ambient magnetic field fluctuations is negligible [17] .
The ion is confined in a linear Paul trap, and its motional and internal states are initialized by Doppler cooling and optical pumping into the j 2 S 1=2 ; F 2; m F 2i jsi, ''stretched'' state. Raman transitions between different hyperfine states are driven by a pair of copropagating Raman beams, detuned by =2 ' 82 GHz, and separated by the relevant hyperfine transition frequency. A resonant Raman pulse transfers the ion population from jsi to j "i. Further Raman pulses are applied to manipulate the superposition between the j "i and j #i states. In a Bloch sphere representation [18] , the rotation angle of a given pulse, , can be varied by changing the pulse duration. A pulse is typically achieved with a duration of ' 5 s. We measure the coherence of the state 1 2 p j #i j "i using the Ramsey method of separated fields [19] . This state is created with a =2 pulse that is applied to j"i. After a certain duration, a second =2 pulse is applied with a phase R relative to the first pulse, where R can be varied. The population in the j "i state is then measured by transferring this population to the state jsi followed by state-dependent resonance fluorescence [5] . During a 200 s detection pulse, we typically detect 12 photons if the ion is in the jsi state and approximately one photon if it is not.
To study decoherence, we illuminate the ion with a detuned, polarized beam that is inserted between the two Ramsey pulses. The decohering beam intensity has to be stabilized (& 0:1%) to suppress Stark shift phase-noise decoherence. In addition, a spin-echo sequence is imple- Be . The ground-state 2s 2 S 1=2 manifold consists of the F 1 and F 2 hyperfine levels. Superposition states are composed of the jF 1; m F 1i j "i and jF 2; m F 0i j #i states. The excited-state 2p 2 P manifold consists of the J 1=2 and J 3=2 finestructure levels, separated by f =2 197:2 GHz. The laser frequency, illustrated by the dashed arrow, is detuned by from the j #i to 2 P 1=2 transition frequency.
mented to limit the bandwidth of remaining phase noise to which the superposition is susceptible [18] . A typical experimental sequence is depicted in Fig. 2 . After a duration echo following the first Ramsey pulse, a sequence of pulses, separated by 2 echo , is applied. The phase of subsequent pulses alternates between 0 and in order to correct for inaccuracies in the rotation angle. Between the spin-echo pulses the ion is illuminated by the decohering beam. The number of pulses is determined by the maximum allowable value of echo ('10 ms) and varies for different decohering beam detunings between 2 and 18. At a duration echo after the final pulse, the final Ramsey pulse is applied. The experiment is run twice, once when R , the phase of the final Ramsey pulse, equals 0, and once when it equals . The population of the j"i state is subsequently measured. These two phases have been experimentally verified to provide the minimum and maximum signals for a range of R , and therefore the signal difference corresponds to the Ramsey contrast and superposition coherence. The decrease of this difference as a function of the decohering beam duration, , is therefore a measure of the decoherence rate, independent of population relaxation.
The filled circles in Fig. 3 present the two measured Ramsey signals versus at a decohering beam detuning of =2 227:5 GHz. The upper filled circles correspond to the R measurements, whereas lower filled circles are the R 0 measurements. For * 1 ms, the two traces are seen to collapse on top of each other. The two curves do not collapse around their initial average value because population relaxation happens on the same time scale as decoherence. The decoherence time, dec , is found by an exponential fit of the difference between the two curves.
The empty circles in Fig. 3 show the data from an identical experiment, except for the absence of the decohering beam. As can be seen, no significant decoherence can be measured during the measurement time in the absence of light.
We next measure the rates of population relaxation. The ion is prepared in either the j"i or the j#i state and illuminated by the decohering beam light for a variable time . The relevant state is then transferred to jsi before detection. The gray-filled squares in Fig. 3 show the decay in signal when the ion is prepared in the j "i state for =2 227:5 GHz. The decay of this signal is seen to agree with the decay in the Ramsey, R , signal. Very similar curves are measured when the ion is prepared in the j#i state.
For our initial conditions and laser polarization, the dynamics of population relaxation of both the j"i and j#i states can be modeled by the solution of two coupled rate equations with independent loss rates,
The constants , , and are different for the j"i and j#i states, and, in both cases, can be related to ÿ Raman . We extract ÿ Raman by fitting curves such as shown by the grayfilled squares in Fig. 3 to Eq. (2). We normalize the measured rates by the measured Stark shift, St , in the j#i ! j"i transition frequency due to the decohering light, which serves as an independent measurement of the laser intensity on the ion. The Stark shift is measured by scanning the frequency of the Ramsey pulses and observing the shift of the Ramsey fringes with the decohering beam applied in between the pulses.
We calculate St by evaluating the difference in the Stark shift of the two levels,
The amplitudes a J j"i!j"i and a J j#i!j#i are almost equal and the difference in Stark shift is due primarily to the difference in detuning between the two hyperfine states. For jj hf , the differential Stark shift decreases according to 1=
2 . The dashed line in Fig. 4 shows ÿ total = St , the calculated total number of photons which are scattered for 1 rad of Stark phase evolution. This number asymptotically reaches a constant value of 0:9579= hf ' 0:0154. As all of the measured data were taken in the jj hf limit the measured St is a good measure of the total scattering rate, almost independent of . The solid line shows the calculated number of Raman scattered photons during the same cycle, ÿ Raman = St . This number decreases as 1= 2 for large laser detunings.
The empty circles in Fig. 4 present the measured ÿ Raman = St versus the decohering beam detuning. The measured data are seen to be in reasonable agreement with the theoretical prediction (solid line).
The filled circles in Fig. 4 show the measured ratio between the decoherence rate and the differential Stark shift, 1= dec St , versus the detuning. As can be seen the measured points are in reasonable agreement with both the measured and the calculated ÿ Raman = St and are well below the ÿ total = St trace. For =2 ÿ331:8 GHz more than 19 photons are scattered on average before coherence is lost.
Spin-changing suppression when jj f also causes the Rabi frequencies of stimulated Raman transitions to scale as 1= 2 . The total number of photons that are scattered during a 2 pulse asymptotically reaches a constant value proportional to 2= f [20] . However, since it is only Raman scattering that decoheres a hyperfine-state superposition, infidelities due to spontaneous scattering of photons will decrease as 1= 2 for jj f . In summary, we have measured the decoherence of superposition states of atomic hyperfine levels caused by spontaneous scattering of light. The data demonstrate that decoherence is dominated by Raman inelastic scattering. This rate can be quite small compared to the total scattering
